Introduction
Recently in consideration of the problem of protecting the global environment and preserving fossil resources, the research and development of new clean vehicles driven by clean energy sources, such as electricity, fuel cell, etc., has been progressing worldwide. However it is difficult to replace all conventional gasoline vehicles to clean vehicles immediately, because they still have several hurdles to get over, costs of the clean vehicles and the energy sources, range between refuelling, the availability of refuelling or recharging stations, vehicle performance, fuel cell lifetime, etc. Therefore the improvement of the efficiency of conventional internal combustion gasoline engines, and the reductions of CO 2 and harmful pollutant emissions have become more important today. A laser has been discussed widely as one of the promising alternatives for an ignition source of the next generation of efficient internal combustion engines (Hickling & Smith, 1974; Dale et al., 1997; Phuoc, 2006) . Laser ignition can change the concept of ignition innovatively and has many advantages over conventional electric spark plug ignition. Figure 1 shows the schematics of combustion engines ignited by (a) an electric spark plug and a laser (b), (c). Using a laser, the ignition plasma may be located anywhere within the combustion chamber because laser ignition doesn't need electrodes. Optimal positioning of ignition apart from the cold cylinder wall allows the combustion flame front to expand rapidly and uniformly in the chamber and thus increases the efficiency as seen in (b). In addition, laser ignition has great potential for simultaneous, spatial multipoint ignition within a chamber as shown in (c). This shortens combustion time dramatically and improves the output and efficiency of engines effectively (Phuoc, 2000; Morsy et al., 2001) . Further a laser can ignite leaner or highpressure mixtures that are difficult to be ignited by a conventional electric spark plug (Weinrotter et al., 2005) . A laser igniter is also expected to have a longer lifetime than a spark plug due to the absence of electrodes.
One of the major difficulties of laser ignition for actual applications, especially for automobiles is the dimension of the lasers. For breakdown in fuel mixtures, light intensities in the order of 100GW/cm 2 are necessary at the focal point of ignition. Then lasers with pulse energies higher than 10mJ, beam quality factors, M 2 of lower than 3 and pulse durations of shorter than 10ns have been used for combustion experiments. But the commercially available laser heads have table top size due to the complexities of the laser cavity and the cooling system. In reductions of system size and costs, a multiplexing fiber optics delivery system seems to be ideal and practical for laser ignition of multicylinder engines. But it is difficult to deliver ignition light through fibers to each cylinder of an engine directly, because the optical damage threshold of fibers is still several orders of magnitude less than the peak energy levels required by laser ignition at present (Joshi et al., 2007) . The fundamental problem of a fiber is attributed to the need to deliver relatively high power pulses with sufficient beam quality to focus the output light to the intensity required for breakdown.
Characteristics of passively Q-switched laser
A passively Q-switched solid-state laser, especially a Nd:YAG/Cr 4+ :YAG laser end-pumped by a fiber-coupled laser diode (LD) has been proposed as a promising ignition laser recently . It has a simple structure, only two functional optical elements and no external power for optical switching is necessary hence the dimension of the laser head can be reduced. In addition, a short pulse operation less than 1ns is easily obtained by reduction of the cavity length less than 10mm and the beam quality is also good due to the soft aperture effect of a Cr:YAG saturable absorber (Zaykowski & Dill III, 1994; Sakai, 2008) . The fiber delivered pump system allows not only further size reduction but also reliable laser operation, because the pump LD which is very sensitive to environmental temperature can be positioned at relatively stable place inside a car apart from the hot engine. In generally, passively Q-switched lasers have large pulse-to-pulse energy fluctuations and large timing jitters under continuous-wave (CW) pumped operations (Huang et al., 1999; Tang et al., 2003) due to thermal and mechanical instabilities. Such fluctuations and jitters have strongly restricted the applications of passively Q-switched lasers. On the other hand, operation frequency of igniters of internal combustion engines is less than 60Hz, corresponding to an engine speed of 7200 rpm, and the duty cycle is less than 5% for automobiles. In such a low frequency, quasi-continuous-wave (QCW) pumped operations with a low duty cycle, passively Q-switched lasers are expected to operate stably due to initialization of the thermal and mechanical conditions during pulses. The characteristics of passively Q-switched lasers have been analyzed in detail and various optimum design criteria have been presented (Szabo & Stein, 1965; Degnan, 1995; Xiao & Bass, 1997; Zhang et al., 1997; Chen et al., 2001; Pavel, 2001; Patel & Beach, 2001) . But there are still several discrepancies in the theoretical calculations and the experimental results especially for output energy and efficiency. We think that the main cause is uncertainness of size of the laser mode. It is not easy to estimate the actual laser mode size and the beam quality accurately, because the aperture formed in the saturable absorber of a Cr:YAG crystal has a complex spatial distribution of transmission and it changes dynamically (Zabkar et al., 2008) . In this paper we demonstrated the optimum design of a high-brightness (high peak power and high beam quality), passively Q-switched micro-solid-state laser for ignition of engines. The performance of the micro-laser including fluctuations of pulse-to-pulse energy and timing jitters in QCW pumped operations was evaluated in detail. The combustion experiments in a static test chamber and a dynamic real automobile engine ignited by the micro-laser were demonstrated and discussed compared to a conventional spark plug. From the results, we could confirm that a high-brightness laser could dramatically reduce the minimum ignition energy and we also found that multi-pulse (pulse-train) ignition was effective to improve ignition possibility for leaner mixtures. Finally we successfully demonstrated the prototype laser igniter which had the same dimension as a spark plug including all optics for ignition.
3. Performance of micro-solid-state laser for ignition 3.1 Performance of passively Q-switched micro-laser module Figure 2 shows (a) a schematic drawing and (b) a photograph of a passively Q-switched micro-laser module ). An active medium of a 1.1at.% Nd doped YAG crystal (crystal orientation of <111>, Sumitomo Metal Mining Co., Ltd.) with a length of 4mm is longitudinally pumped by a fiber-coupled, conductive-cooled, 120W (peak) QCW 808nm laser diode (JENOPTIK laserdiode GmbH). The core diameter of the fiber is 0.6mm with N.A. of 0.22. The pump light from the fiber was collimated by a lens set to have a diameter of 1.1mm in the active medium. Antireflection (<0.2%) and high-reflection (>99.8%) coatings at 808nm and 1064nm, respectively, were deposited on the pumped surface of the Nd:YAG crystal. High-reflection (>90%) and antireflection (<0.2%) coatings at 808nm and 1064nm, respectively, were deposited on the other, intra-cavity surface of the crystal. The high-reflection coating at 808nm makes efficient pump absorption possible by a round trip path of the pump light and it can also prevent a closely situated Cr:YAG crystal from pump-induced breaching (Zaykowski & Wilson, Jr., 2003; Jaspan et al., 2004) . Antireflection (<0.2%) coatings at 1064nm were deposited on both surfaces of the saturable absorber of a Cr 4+ :YAG crystal with a length of ~4mm (crystal orientation of <100>, Scientific Materials Corp.). The output coupler is flat with a reflectivity of 50% at 1064nm. The cavity length is 10mm. These optical elements were aligned carefully with an output coupler and fixed in the conductive-cooled, temperature-stabilized module (40mm-width × 28mm-height × 61mm-length) as shown in the figure. The module does not include focusing optics of the output beam for breakdown. In the following experiments, the pump energy was controlled by changing the pump duration with the peak pump power maintained at 120W. The maximum pump duration is 500µs limited by the diode. The repetition rate was 10Hz constant. Figure 3 (a) shows the output energy of the passively Q-switched micro-laser as a function of the initial transmission of a Cr:YAG crystal. The output of a passively Q-switched laser forms a pulse train, which is well known. The closed circles and the solid line denote the experimental values and the calculation of pulse energy (energy per pulse), respectively, and the open circles denote the experimental values of the total output energy (sum of pulse energies) at a pump duration of 500µs. The pulse energy increases to 4.3mJ as an initial transmission of the Cr:YAG crystal decreases to 15%. On the other hand, the total output energy decreases from 25 to 12mJ as an initial transmission decreases from 80% to 15%, because the pulse-to-pulse interval becomes longer and then the number of laser pulses decreases even though the pulse energy increases. The decrease in total output energy simply means the decrease in efficiency of the laser. In the theoretical calculations shown in Fig.3 , we assumed the ground-state absorption cross section of Cr 4+ :YAG as σ SA =2×10 -18 cm 2 and the excited-state absorption as σ ESA =5×10 -19 cm 2 . These are very important parameters but vary greatly in previous reports hence we used the averaged values in recent reports (Burshtein et al., 1998; Xiao et al., 1999; Feldman et al., 2003) . In the calculation of pulse energy, we also assumed that the laser mode has the same size as the pump beam. Theoretically the output pulse energy is proportional to the area of the laser mode, so it is understood that the actual laser mode size is smaller by 10% or more than the pump beam due to the aperture effect of the saturable absorber of a Cr:YAG crystal as shown in Fig.3(a) . As the initial transmission is higher, the discrepancy is larger. On the other hand, the calculation of pulse width agrees well with the experimental results as seen in Fig.3 (b) , because the calculation of pulse width has no relation to the size of the modes. Though the highest pulse energy and shortest pulse width were obtained at an initial Cr:YAG transmission of 15%, optical damage was observed at the output coupler and then the beam quality was degraded. The beam quality was also degraded at initial transmissions of higher than 70%, because the aperture effect of a Cr:YAG crystal is weak.
To use a laser for ignition, optical intensities of the order of 100GW/cm 2 are necessary at the focal point for breakdown. From our experimental observations, stable breakdown in air was observed at a pulse energy larger than 1.5mJ and a pulse width less than 1ns using an aspheric focus lens with a focal length of 10mm. In addition to the pulse energy, the total output energy is also necessary to ignite fuel-lean mixtures as discussed later. However as seen in Fig.3 (a) the pulse energy and the total output energy are in the conflicting relation. Therefore we selected 30% as an optimum initial transmission of a Cr:YAG saturable absorber in our laser configurations. The laser performances were tested in detail and finally it was applied to the combustion experiments in the optimum condition. Figure 4 shows the laser output energy and optical-to-optical conversion efficiency as a function of pump duration at an initial Cr:YAG transmission of 30%. As a unique characteristic of passively Q-switched lasers, the output pulse energy is constant until the following pulse is generated, then the output characteristic changes to the shape of stairs. The interval of pulse generation is almost constant at 100μs. The output energy obtained was 2.7mJ per pulse and totally 11.7mJ (sum of 4 pulses) was obtained at a pump duration of 500μs. The optical-tooptical conversion efficiency changes largely and periodically by the pump duration and the maximum efficiency of 19% was obtained at the durations of pulse generation. . Fluctuation of the total output energy as a function of pump duration which was estimated statistically from 500 consecutive pulses. Figure 6 shows (a) the delay times of the each laser pulse from the standup of the pump LD current and (b) the jitters (standard deviation) of the delay times estimated statistically from 500 consecutive pulses as a function of pump duration. As seen in Fig.6 (a) , the delay times are not dependent on the pump duration. The pulse interval is constant around 100µs and is equal to the interval of pulse generation. On the other hand, the jitter of the delay time strongly depends on the pump duration and also on the number of pulses. The first pulse has a small jitter for 200ns or less, and it is not dependent on pump duration, but the pulses generated later have a large jitter of 1µs or more, and the jitter changes sharply with the a) (b) Fig. 6 . (a) Delay times of the each laser pulse from the standup of the pump LD current and (b) jitters (standard deviation) of the delay times estimated statistically from 500 consecutive pulses, as a function of pump duration pump duration as seen in Fig.6 (b) . Thermal lens and distortion which grow during QCW excitation in the Nd:YAG crystal strongly influence oscillation timing of a laser pulse. Then the jitter becomes large in the pulse generated later. However it should be mentioned that the jitter of the micro-laser is still 0.5% or less, and are much smaller than CW-pumped passively Q-switched lasers which have pulse-to-pulse jitters of 10% or more. This is because the oscillation condition is thermally initialized by low repetition rate, QCW pumping. It was confirmed that the fluctuation and jitter of the passively Q-switched microlaser in QCW operations were within the tolerance limits for actual automobile applications. Fig. 7 . 3D intensity profile of the output beam (first pulse) at a pump duration of 130μs. Figure 7 shows the 3D intensity profile of the output beam (first pulse) measured by Beam Star-FX33D (Ophir) at a pump duration of 130μs. The M 2 value was calculated as 1.2. The beam profile does not change largely by changing the repetition rate from 1 to 100Hz. The pulse width was 600ps as measured in Fig.3(b) the brightness of the micro-laser was calculated as 0.3PW/sr-cm 2 which is one order of higher than our previous report (Sakai, 2008) . To confirm the aperture effect of a Cr:YAG saturable absorber, we measured the beam quality of a micro-laser without the Cr:YAG crystal. The cavity length of 8mm and the output coupler with a reflectivity of 10% were employed to simulate the similar laser mode size in a cavity and threshold (cavity loss) as the passively Q-switched laser. The M 2 value of the simulated laser was measured to be 5 or more. Therefore it is understood that the saturable absorber works effectively as an aperture in the laser cavity. In our optimum designed micro-laser, each pulse of multipulse train has almost the same energy, pulse width and beam quality, hence each pulse can generate breakdown plasma independently in a fuel-mixture.
High temperature operation of passively Q-switched laser
For the practical use of laser igniters, stable operation is required at temperatures of up to 150˚C. Thus, we tested the operation of a passively Q-switched Nd:YAG/Cr:YAG laser at high temperature. First, we studied the temperature dependence of the transmission of a Cr:YAG saturable absorber at a wavelength of 1064nm. Three Cr:YAG crystals with different crystal orientations of <100>, <110> and <111> were prepared. The <100> is popular for passive Q-switching, while the <110> is used for polarization stabilized operation. They have the same initial transmission of 30% at 1064nm and at room temperature. Antireflection (<0.2%) coatings at 1064nm were performed to both surfaces of all the samples. The temperatures of the crystals were controlled by a themo-electric heater. As incident light sources, we used a commercial CW Nd:YVO 4 laser (MIL-1064-100-5, Broadband, Inc.) for measurement of the initial transmissions and the passively Q-switched micro-laser we developed for measurement of the saturated transmissions of the Cr:YAG crystals. The polarization of the incident beams to the crystals was linear and rotated by a quarter wave plate in front of the crystals. Figure 8 shows the initial transmissions of the Cr:YAG crystals as a function of crystal temperature. The incident beam had a power of 5mW CW and a diameter of 2mm in the crystals. Slight, 5% increases of initial transmissions were observed with increase in crystal temperatures from 25 to 150˚C for all the crystals. , and (c) are <100>, <110>, and <111>, respectively. The incident Q-switched pulse had an energy of 2mJ constant and a width of 600ps. As seen in these figures, it is understood that the saturated transmissions at the highest beam intensity with a diameter of 0.3mm are the same for both temperatures and the situation is independent on a crystal orientation. Therefore it is expected that the performance of a Cr:YAG saturable absorber dose not change even at 150°C. Figure 10 (a) shows the input-output characteristics of a Nd:YAG laser without a Cr:YAG crystal at various crystal temperatures of up to 150°C. The temperature-controlled Nd:YAG crystal was longitudinally pumped by a fiber-coupled LD with QCW operation (peak pump power 120W, repetition rate 1Hz). The cavity length was 20mm and the reflectivity of the flat output coupler was reduced to 10% to simulate a cavity loss by a Cr:YAG crystal. As seen in the figure, as the temperature of the Nd:YAG crystal increases from room temperature to 150°C, the threshold increases by 60% and the slope efficiency decreases. Figure 10 (b) shows the input-output characteristics of a Nd:YAG/Cr:YAG passively Qswitched laser at various crystal temperatures. The temperatures of the two crystals are the same, and the pump and cavity layouts are the same as those of the Nd:YAG laser shown in Fig.10 (a) , but the reflectivity of the output coupler is 50%. The initial transmission of the Cr:YAG crystal is 30% at room temperature. The experimental data at 20°C and 150°C are connected with a line only so that the results may be understood clearly. The thresholds of the passively Q-switched laser at 20°C and 150°C are almost equivalent to those of the Nd:YAG laser at the same temperatures shown in Fig.10 (a) , and we can understand that the characteristics of the Cr:YAG/Nd:YAG passively Q-switched laser at 150°C are mainly decided by that of a Nd:YAG crystal (Tsunekane & Taira, 2009 ). It should be also emphasized that the output pulse energy increases slightly even as the temperature of the crystals increases to 150°C. From the results, we can further confirm that the Nd:YAG/Cr:YAG passively Qswitched micro-laser is a suitable light source for laser ignition.
Ignition in constant volume chamber
The laser ignitions for stoichiometric to fuel-lean C 3 H 8 /air mixtures by a high-brightness passively Q-switched micro-laser were studied and compared with a conventional electric spark plug experimentally in a constant-volume (~200cm 3 ) chamber at room temperature (25˚C) and atmospheric pressure (100kPa). The C 3 H 8 gas and air were introduced in the combustion chamber after mixing it thoroughly in specified ratios within another chamber beforehand. The ignition experiment was conducted after the flow of the combustible mixture in the chamber settled. The chamber is equipped with three windows. Two of them are laterally opposite to each other for flow visualization and one is for introduction of a laser light or a spark plug (compatible window). The combustion processes were observed by Schlieren photography (shadowgraph) which can visualize a slight refractive-index gradient of transparent media. Highly uniform, incoherent light from a Xenon lamp was introduced to the chamber and the 2D images of the transmitted light through the windows were detected by a high-speed video camera (25000 fps) synchronized with a laser pulse or an electric trigger. Figure 11 shows the Schlieren photographs of the early stage of ignition and subsequent combustion ignited by (a) a micro-laser and (b) a spark plug in stoichiometric mixture. The air fuel ratio (A/F) is 15.3. The total energy from the laser is ~9mJ (3 pulses) and the input electric energy to the plug is 35mJ. The laser beam is focused inside the chamber through the window by an aspheric lens with a focal length of 10mm so as to have the same ignition position as the spark plug. Then both images show the same position with the same scale in the chamber. The numbers indicate time after a laser shot or an electric trigger on. As shown in the lowermost figures of Fig.11 (a) and (b), the cross-section area of the flame kernel generated by the laser is 3 times larger than the spark plug at 6ms after ignition, even though the ignition energy of the laser is 1/3 . Therefore it is confirmed that laser ignition effectively accelerates the flame kernel growth due to the absence of quenching effect by electrodes. The combustions in the fuel-lean mixtures where the ratio of air increased were observed using the same constant-volume chamber. The A/Fs of the mixtures were changed from 15.2 (stoichiometric) to 18.1. The numbers of laser pulses (pulse train) were also changed (a) (b) Fig. 11 . Schlieren photographs for early stage of ignition in a constant-volume chamber ignited by (a) a micro-laser and (b) a spark plug in a stoichiometric mixture. Table 1 . Ignition probabilities for complete combustion in a stoichiometric and fuel-lean mixtures in a constant-volume chamber estimated from the repetitive ignition. from 1 to 5 by changing the pump duration to understand the effect of the total optical energy on combustion. Table 1 summarizes the ignition probabilities for complete combustion estimated from the repetitive ignition experiments in each condition. The horizontal lines show the numbers of laser pulses and the total optical energies, and the right end shows the experimental results from a spark plug. The vertical lines show the A/Fs. The values become high toward the bottom which means the mixtures become leaner. ER is equivalent ratio, the value that broke the A/F (15.2) of the stoichiometric mixture by the A/F of the specific mixture. From this table, it can be seen that the ignition probability of a leaner mixture improves with increase in the number of laser pulses. Then it is understood that higher total ignition energy is necessary for a leaner mixture. One hundred percent ignition is accomplished in the fuel-lean mixture of A/F of 17.2 by 5 laser pulses (5-pulse train) with the total optical energy of 13mJ. Such a multiple pulse ignition is advantageous for actual applications compared to conventional laser ignition by a single big pulse with an optical energy of more than 10mJ. The peak intensity of a laser pulse can be reduced by maintaining total ignition energy, and the optical damage to coatings on optics can be avoided. Moreover, the number of pump LDs can be reduced. It has the advantage not only of miniaturization of the ignition system but also of low price. From these experimental results of laser ignition by a micro-laser, it should be mentioned that in a stoichiometric mixture, 100% ignition was accomplished by a single pulse with an optical energy of 3mJ. From the Schlieren photography measurements, it was observed that in the lean mixtures, the first laser pulse (3mJ) was still enough for breakdown and flame kernel formation, but the growth of the flamee kernel was slow compared to that in the stoichiometric mixture and disappeared quickly if the following pulses were not injected. In the case of spark plug ignition shown in the right end, the ignition probability is below 100% even in an A/F of 15.7, which is slightly leaner than in a stoichiometric mixture. Schlieren photography also demonstrated that the growth of the flamee kernel was slow and the time during the boundary of the flame kernel in contact with the electrodes was long, and therefore it could be understood that the quenching effect by electrodes of a spark plug was more significant in lean mixtures.
Ignition in real automobile engine
Finally, ignition tests for a real automobile engine were performed. We used a commercial engine of 1AZ-FSE (TOYOTA Motor Corp.), which is a 2.0 L, straight-4 piston engine with a gasoline direct injection system. Figure 12 shows the optical layout for laser ignition. The micro-laser module was fixed not on the engine directly but on a metal frame closely positioned on the upper side of the engine and the output beam was carefully aligned by using three mirrors to the optical axis of the focal lens fixed in the spark plug hole. The optical path from the module to the focal lens was around 830mm. A transmission lens with a focal length of 300mm was used to control the beam size. The focal lens had a focal length of 10mm. The ignition point of a laser was set to be the same point as a spark plug by tuning the height of the focal lens. Thus this experiment was not optimized for laser ignition. In this experiment, three of the four cylinders (from #1 to #3) were ignited by conventional spark plugs and the #4 cylinder was ignited by a laser. Each ignition timing was carefully controlled and optimized. The repletion rates of the igniters were 13.3Hz corresponding to an engine speed of 1600rpm. The experimental setup for visualization of combustion with reflective Schlieren photography is schematically shown in Fig.13 . The collimated and highly homogenized light from a Xenon lamp was introduced into the combustion chamber through a transparent window which was formed at the side wall of the cylinder head of #4 and was reflected back at a mirror, which was situated inside the cylinder wall at the opposite side of the window. The reflected light was imaged by a high-speed CCD camera (25000fps). Laser beam was introduced into the chamber through a normal spark plug hole. Schlieren photographies of the early stage of ignition and subsequent combustion in a real engine are summarized in Fig. 14. In the micro-laser ignitions, combustion processed images of three different pulse-trains, i.e., single-pulse, two-pulse and four-pulse trains, are demonstrated. The right side shows the image of a conventional spark plug ignition. Total optical energies into the chamber are also shown in brackets, but the energy from the microlaser decreases to 85% due to optical loss at the three alignment mirrors. In this figure, the A/F is 14.5, which is a stoichiometric mixture of gasoline and air. It should be emphasized that a single laser pulse with an energy of 2.3mJ can successfully ignite a real engine. We think this will be the lowest energy ever reported for laser igntion of a real automobile engine. High-brightness, passively Q-switched micro-laser can reduce the ignition energy dramatically compared with previous ignition lasers (Kroupa, 2009 ) and a spark plug. The operation of an engine ignited by a single laser pulse is quite stable and no miss-ignitions appeared during our experiment for several tens of minutes. However, look carefully at the Schlieren photographs in Fig.14 at the early stage until 1000µs, and you will find that the shadows of the flames by single and two-pulse trains are weak compared with those of fourpulse train. We think flame growth is perturbed by the flow in the chamber due to lack of total ignition energy. On the other hand, such flow helps a spark plug escape from quenching effect by the electrodes and then the flame grows effectively with a high ignition energy of 35mJ, in contrast with previous experimental results in a static constant-volume chamber.
We also tested in lean mixtures. The lean limit (A/F), where the combustion was slightly unstable, of single-pulse, two-pulse and four-pulse were 16, 17.6, and 18.8, respectively, but a spark plug had a higher lean limit of 20~21. We think the total optical energy of a laser needs up to 20mJ, where the lean limit of laser ignition will be comparable with that of spark plug ignition. Recently the maximum total output energy of 21mJ was obtained with an optical-to-optical conversion efficiency of 23% from the same micro-laser module by increasing of the peak power of fiber-coupled pump diode to 180W. From the Schlieren photography, it is understood that the flame-growing processes of laser and electric spark plug ignitions at the early stage are quite different. In a spark plug, the flame generated at the gap of the electrodes forms an eddy structure and stays around the outer electrode, and grows continuously and stably to a large flame. On the other hand, the flame generated by a laser moves randomly in the free space of the chamber by turbulent flow during the growth. The contamination and damage of an optical window in the combustion chamber are wellknown serious problems of laser ignition (Ranner et al., 2007) . In our experiments, Al 2 O 3 was used as a window material. No visual contaminations and no damages were observed on the window surface after the combustion experiments for several hours, but longduration tests under various engine conditions are necessary for choice and optimization of practical windows.
Real spark plug size micro-laser module
In Fig.15 , we show the first prototype micro-laser module which has the same dimensions as a spark plug. This module includes not only pumping optics from a fiber to a solid-state material but also beam expanding and focusing optics for ignition. The laser igniter has the same optical design and the same performance as the experimental module in Fig.2 , and it is physically possible to ignite a real engine by installing it instead of a spark plug to a plug hole. For real operation on an engine, however, the mechanical design inside the module should be improved to sustain the high temperature (up to 150°C) and vibration of a real engine. In this report, we used conventional single crystals, but we think YAG ceramics are promising actual light sources for laser ignition, because they have higher uniformity and stress resistance, and are suitable for mass-production. In addition, if a composite structure of Nd:YAG/Cr:YAG is possible, then the compact and rugged, monolithic laser cavity will be made (Feng, 2004; Taira, 2007) . 
Conclusion
A high-brightness, passively Q-switched Nd:YAG/Cr:YAG micro-laser was developed and optimized for ignition of engines. The output energies of 2.7mJ per pulse and 11.7mJ in total (four-pulse train) were obtained at a pump duration of 500μs with an optical-to-optical conversion efficiency of 19%. A pulse duration of 600ps and an M 2 value of 1.2 were obtained and the brightness of the micro-laser was calculated as 0.3PW/sr-cm 2 . The optical power intensity at the focal point of ignition was calculated as 5TW/cm 2 . The fluctuations of the total output energies and jitters of the delay time of a laser oscillation were less than 100µJ (3%) and 0.5%, respectively. We further confirmed that the output pulse energy of a passively Q-switched Nd:YAG/Cr:YAG laser did not change even though the temperature of the crystals increases to 150°C. The enhanced combustion by the micro-laser ignition was successfully demonstrated in a constant-volume chamber with room temperature and with atmospheric pressure. The cross-section area of a flame kernel generated by the micro-laser was 3 times larger than a spark plug at 6ms after ignition in a stoichiometric mixture (A/F 15.2) of C 3 H 8 /air. The effective laser ignition for lean mixtures was also accomplished by a multiple pulse (pulse train) of the micro-laser. Ignition of 100% was successfully demonstrated by a five-pulse train in a lean mixture of an A/F 17.2, where spark plug ignition failed. Finally, ignition tests for a real automobile engine were performed. A single laser pulse with an energy of 2.3mJ could ignite and drive the engine stably. It will be lowest energy ever reported for laser ignition of a real automobile engine. We can confirm that an optimally designed, high-brightness, passively Q-switched micro-laser reduced the ignition energy dramatically compared with previous ignition lasers and a spark plug and the dimension of the laser head can be reduced to real spark plug size.
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